T Violation Search at the EIC?
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The scientific motivation
The value of “null tests” of time reversal invariance

Searches for the electric dipole moments
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Why Search for CP/T Violation in many different
systems of first-generation particles
(atoms/nucleons/nuclei)?

(1) Possible connection to the matter-antimatter asymmetry of
the universe

(2) Search for new physics beyond the Standard Model.

CP/T odd effects from the CKM phase in the Standard Model
are VERY small for first-generation particles. However one
needs measurements in many different systems to search for
the many possible CP/T violation channels at low-energy.

(3) Search for dark matter/dark sector physics (axions/ALPs)



Ng-ng starts from zero (otherwise inflation is destroyed, Dolgov)
Today: (ng-ng)/n,~6 x10-1% (E. Komatsu et al, ApLS, 192 (2011))

Sakharov Criteria to generate matter/antimatter asymmetry from the laws of
physics (A.D. Sakharov, JETP Lett. 5, 24-27 (1967)},

(1) Baryon Number Violation (not yet seen)

(2) Departure from Thermal Equilibrium

(3) C and CP Violation (seen)

(1+2+3) far too small given the known Higgs mass
Sensitive Searches for T violation with
nucleons:

Electric Dipole Moment Searches
Axion-like Particle Searches
T-odd Polarized Neutron Optics




CP/T odd phases can/should be large
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Effective Field Theory Treatment for
BSM CP/T Violation
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CP/T violation searches in atomic/nuclear systems
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Scheme: adapted from Rob G. E. Timmermans

.

QCD, nuclear, and atomic theory input also needed!

For EDMs see: T. Chupp et al, Rev. Mod. Phys. 91, 015001 (2019)



Time Reversal: “running the film backwards”

consider a T-odd dynamical P2(t=1)
variable P(t) ———)
TrT'=r
P1(t=0) o) TpT ™ =-p
ToT'=-o
T'lr,p|T™" = ~[r,p]
P3(t=1) Etc.

/—

Is the final state of the motion with time-reversed final conditions
P3(t=1) the same as the time-reversed initial condition -P1(t=0)?

In QM: reversal of initial and final states:
<a|O|b>-><b[Orla> 71— _j T=UK, K=complex conjugation



Decay/nonforward scattering processes: can’t “run
the film backwards”

duu

Can look for S, ¢(P,x P,)
angular correlation

e But: this can be caused
by electromagnetic
ds interaction of final state
d proton and electron

Reversing the electron, neutrino, and proton to get the neutron is impractical.
Still look for (formally) T-odd correlations of observables

But one must worry about “final state effects” giving T-odd correlation even if
no real fundamental T violation is present



Electric Dipole Moments:
P-odd/ T-odd Observable
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d =f5c’p(x)d3x =d §

Non-zero d, violates both P and T

Under a parity operation: Under a time-reversal operation:
s—=s, E—-F s—-5, E—F
d -E—-d E d -E—-d E

EDMs are “null tests” of time reversal invariance
(no “final state effects” can fake an EDM) |i>=|f>



EDM Measurement Principle/Sensitivity

B, B, I[B,E

<SZ> e 1 7

hv(0) hv(11) hv(11)

<Sz> =2 | —_—_—_—_—t T P PP

v(tt)-v(fl)=-4Ed/h

assuming B unchanged when E is reversed.

T violation from CKM phases smaller by ~5 orders of magnitude here

EDM experiments should improve by >factor of 10 over next decade



The nEDM spectrometer at PSI

Four-layer Mu-metal shield
to shield the experiment from
external magnetic fields

Vacuum chamber

High voltage lead

with a TMQ resistance

' Cesium magnetometer

Precession chamber
where neutron precession
is induced and measured

Electrode (upper)
charged up to 150 kV
electric field = 10° V/m

Mercury lamp
Photomultiplier tube to read out the
to detect the intensity modulation mercury polarization

of the mercury light

Magnetic field coils
are wound around the vacuum
chamber to generate the holding

[ Mercury polarizing cell

where the mercury is polarized

to m‘)gr?zgctlggyn:jgg and compensating fields, as well
ultraviolet (253.7 nm) as the spin flipping fields
) —
e—— Switch
— to distribute the UCNSs to
different parts of the apparatus




Most sensitive result on neutron electric dipole moment

(EDM) measured at the PSI UCN source

charge parity violation (CPV)

* CPV natural in beyond standard model theories
* CPV required for matter / antimatter asymmetry
* Neutron EDM uniquely sensitive to strong CPV

—_
.

N

w

—_
.

N

=~

—_
—

n

o

—_
.

ny

o

-31

Neutron EDM Upper Limit [ecm]

10 iNW\-\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

1 0-33 }

A LNPI

v Sussex, RAL, ILL
A v PSI|
\ 4
A
A
VA A
v A

o
=

n2EDM
v

Asymmetry

&S
2

ANTIIRRRTRRRRRRRRNNNN (

- L L N H )
2 45 4 05 0 05

T
Af Hz\ o* Standardmodel calculations N

1980 1990 2000 2010 2020 2030
Year of Publication

d, <1.8 x 1026 e*cm (90% C. L.)
Phys. Rev. Lett. 124, 081803 (2020)

Unique features of result published in PRL
e Limit improved by factor 1.7
* Systematic errors reduced by factor five
* Full comprehension of systematic effects from higher
order magnetic field non-uniformity
* First fully blinded analysis in two distinct teams

P. Schmidt-Wellenburg




ULTRACOLD NEUTRON SOURCES AND e
NEDM EXPERIMENTS: THE WORLDVIEW :
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Connection to T-odd couplings

¢ |eading interactions with q,g strongly constrained by gauge invariance

Pseudo-scalar Yukawa
-

h h -9

L O S :
Higgs-gluon-gluon O N N3 Quark Chromo-EDM
Sy —0— 5
\ .y

* Signatures of various operators: Higgs-gluon-gluon (6”)

LHC: Higgs production via gluon fusion Low Energy: quark (C)EDM +Weinberg

e
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V. Cirigliano
PPNS-2018
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NEDM Scientific Reach

Pseudo-scalar Yukawa Top Yukawa  Top C-EDM  h-g-g
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® Much stronger impact of nEDM with reduced uncertainties

dn,p[(iu,d] dn,p[ds] dn,p[dw] Target for Lattice QCD

in the 5-year time scale
25% 50%

® Experimentat 5 x 107 e cm and improved matrix elements will
. V. Cirigliano
make nEDM the strongest probe for all couplings PPNS-2018



A brief history of EDM searches
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199Hg EDM Search «Atoms are contained in a stack of 4

vapor cells in a common B field

HV coax cable (RGS58) «2 conducting plastic electrodes at
Electrode (+10kV) the same potential hold the 2 outer
cells
oOT *Opposite E field causes an EDM to
cell shift the relative frequency of the 2
MT iInner cells
cell »—=FE B
= .199Hg is pumped to align spins with
Ma% s = laser beams
c?e% .Precession is observed by detecting
Faraday rotation of weak, linear
polarized light Hg-199 Vapor Cell

Vessel (0V) f Groundplane Iy
a) HV feedthrough

Z

Team: J. Chen, B. Graner, E. Lindahl, B.R. Heckel J. Chen



Hg EDM Limits vs. Time
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139La+n System

T+72.1 eV

x 10000 4

Neutron T+.734 eV
threshold 9
5.161 MeV ) T-48.6 eV

Compound-Nuclear
States in 3°La+n
system

Low energy neutrons can access a dense forest
of highly excited states in the compound nucleus.

Large amplification of discrete symmetry violation
(P and T) is possible. Very large amplifications
of P violation were observed long ago

140La G. S.



Parity Violation in n+ *3°La at 0.734 eV  Ao/o =0.097+.005.
10° amplification of P-odd weak amplitude on resonance

P-violation is enhanced in
p-wave resonance
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How? (1) Admixture of (large) s-wave amplitude into (small) p-wave ~1/kR~1000
(2) Weak amplitude dispersion for 10° Fock space components ~sqrt(10%)=1000

ldea is to use the observed enhancement of PV to search for a TRIV asymmetry.



Forward Scattering Ampliltude
f=A'+Bo-I1+Coc-k+Do-(Ixk)

qF

ndent P-violation
P-even T-even P-even T-even P-odd T-even

Spin Independent Spin D

T-violation
P-odd T-odd

5) P} P2} [Ps2)
JSESFSF;L ‘]PEPFPF; I'-‘n1/2 l—‘n3/2 <‘/V>

The enhancement of P-odd/T-odd amplitude on p-wave resonance (o.[K X /]) is
(almost) the same as for P-odd amplitude (o0.K).
50PT

Experimental observable: ratio of P-odd/T-odd to P-odd amplitudes )\PT — So
P

A can be measured with a statistical uncertainty of ~10~ in 107 sec at MW-class

spallation neutron sources.

Ratio (T-odd amplitude in nucleon/strong amplitude)~10-11

Forward scattering neutron optics limit is null test for T (no final state effects)

v



Realization of Apparatus

One can experimentally reverse all of the vectors that are odd under the
T transformation and reverse the initial and final states. Will be operated
as a Ramsey separated oscillatory field measurement.
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Storage Ring EDM Experiment:
Experimental Concept and Main Features

7
Initially, charged particle spin o | \‘/ﬁ
is aligned along velocity. s ‘ V"

POLARIMETER

In particle frame, magnetic field

appears as radial electric field. Polarimeter detectors see rising
left-right asymmetry as signal.
For EDM aligned with spin, Comparing results with the time-
torque rotates it vertically. reversed experiment allows

systematic effects to be subtracted.

One can foresee the possibility of _
~1x10-%° e*cm sensitivities for p,

d, 3He+. Would be nice | 5
complement to n.

DUAL POLARIMETER

Both beam direction and all magnetic
E. Stephenson fields must reverse.



New approach to search for parity-even and parity-odd time-reversal violation

beyond the Standard Model in a storage ring

arXiv:2004.09943

N. N. Nikolaev,"? F. Rathmann,® A. J. Silenko,**° and Yu. Uzikov"®%?

The spin-dependent total pd cross section is written as

Otot =00 4+ orr [(P? - PP) — (P4 - k) (PP - k)]
+orL (P?- k) (PP - k) + 01T rmnkmkn
+ oby (PP -k) + ofy (P?-k)
+ gy (PP - k) Trunkmkn
+orvev (k- [P? x PP])
+ 0rvpCkm Tmnéntr PPk, .

Here P9 and PP are the vector polarizations of deuteron

and proton, 7T,,,,, is the tensor polarization of the deuteron

and k is the unit vector along the collision axis. We chose
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Polarized and aligned deuteron
beam transmission through
polarized internal hydrogen
target

At COSY one could reach

stat. accuracy of 10 of strong
NN amplitude for a P-even/T-
odd interaction

Idea based on R&D conducted
at COSY for storage ring EDM (N.

Hemplemann et al, Phys. Rev.
Lett. 119, 014801 (2017).

Requires polarization
components transverse to beam
at interaction point



Summary

Many excellent scientific motivations from particle physics/
cosmology to look for new sources of CP/T violation in first

generation systems

To compete with EDMs, need to be able to sense a P-odd/T-odd
amplitude~10*- 10~ of a P-odd amplitude

Non-forward T-odd correlations can be sought but will suffer from
(hard-to-calculate?) final state effects, not null tests

P-odd/T-odd null test in forward transmission need polarization
components transverse to beam, sensitive beam intensity monitor,...

P-even/T-odd null test in forward transmission needs tensor
alignment (deuterons). Such interactions are generally already
constrained indirectly by EDM limits



